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Abstract 

The total cross section for oj production in the pp — > ppu) reaction 
has been measured at five cm. excess energies from 3.8 to 30 MeV. The 
energy dependence is easily understood in terms of a strong proton- 
proton final state interaction combined with a smearing over the width 
of the state. The ratio of near-threshold (p and u production is consis- 
tent with the predictions of a one-pion-exchange model and the degree 
of violation of the OZI rule is similar to that found in the vr^p — > nijo/(f) 
reactions. 
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For ideal mixing, where the </)-meson is composed purely of strange quarks 
and the uj contains only up and down ones, the production of the by non- 
strange hadrons is strongly suppressed by the Okubo-Zweig-Iizuka (OZI) 
rule [|I|, which forbids diagrams with disconnected quark lines. Deviations 
from ideal mixing are small and these suggest that, under similar kinematic 
conditions, the ratio R of single (p to u production should be about R ~ 
4 X 10^^ 0]. Values larger than this could be signals for hidden strangeness 
in some of the incident particles or to intrinsic violations of the rule through 
second-order processes. The most striking enhancements have been seen in 
pp annihilation where, in certain channels, observed production rates 
are up to two orders of magnitude higher than predicted by the rule. 

Most reported violations are much more modest. Typical of these is the 
recent comparison of uj and production in proton-proton collisions by the 
DISTO collaboration at 2.85 GeV [Q. The ratio of the measured production 
cross sections is cttIpp PP4>) / <^t{pp ppuj)= (3.7±1.3) x 10"'^ which, after 
correcting for phase space effects, leads to an OZI enhancement of about an 
order of magnitude. Due to the large (p/uj mass difference, such corrections 
are model dependent since the excess energy Q (the kinetic energy in the 
final state) is 320 MeV for the uj, but only 82 MeV for the 0. While s and p 
final waves might suffice for the 0, many partial waves are likely to contribute 
to u production. Any OZI test really requires a dynamical model, but the 
simplest empirical approach might be to compare rates at the same value 
of Q, where the angular momentum barriers are similar, rather than at the 
same beam energy. We here report measurements of the u production cross 
section in the range 3.8 < Q < 30 MeV. Though somewhat below the DISTO 
Q-value, these data suggest that the OZI enhancement is little different to 
that seen in tt~p ^ nuj/cj) 0. 

The data were taken at the Laboratoire National Saturne as part of a 
program of measuring near-threshold meson production in pp ppX by de- 
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tecting two protons in SPESIII, a large acceptance magnetic spectrometer, 
and identifying the meson X as a missing mass peak. Experimental condi- 
tions were similar to those appertaining to the production of the rj and rj' 
and so only essential features are reported. 

The uj production has been measured at nominal incident proton energies 
Tp of 1905, 1920, 1935, 1950 and 1980 MeV using a hquid hydrogen target of 
270 mg/cm^ thickness. The beam intensity was measured and controlled dur- 
ing the runs through an ionisation chamber placed in the beam downstream 
of the target and two scintillator telescopes viewing the target. These mon- 
itors were calibrated using the standard carbon activation technique 0. In 
order to estimate the background under the expected uj peak, data were also 
taken at 1865 MeV, where u production should be negligible. 

Under standard SPESIII conditions, the momentum range of the analysed 
particles is 600 < p < 1400 MeV/c, the momentum resolution (0.5 — 1.0) x 
10~^, and the effective solid angle acceptance per particle AQ ^ 10^^ sr. 
The associated detection system, which provides good resolution over the 
full acceptance of the spectrometer together with multi-particle detection 
possibilities, includes three multiwire drift chambers and four planes of scin- 
tillators as the trigger. The first of these chambers is located near the focal 
surface, inclined with respect to the optical axis of the spectrometer. Since 
the u width is 8.4 MeV/c^, particle tracks could be reconstructed, to well 
within the required momentum and missing mass resolution, using informa- 
tion purely from this chamber. 

For near-threshold meson production, it is important to verify the val- 
ues of Tp or Q by independent means ||, ||, |^. In one approach, we used 
the pp d-K^ and pp p7c~^n reactions to carry out simultaneously very 
accurate calibrations of the mean field of the spectrometer and measure- 
ments of the incident proton energy at each nominal energy. The neutron 
mass in the three-body final state is almost equally sensitive to Tp and the 
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mean field, whereas the peak position of the deuteron is much more sensi- 
tive to the field. The experimental data were compared to the results of 
extensive numerical simulations, taking into account all the details of the 
experimental set-up and data-reduction algorithms. Incident proton ener- 
gies measured by this method were slightly lower than nominal ones calcu- 
lated using the parameters of the Saturne machine, with a mean difference 
of AT = T„o„,i„^i — T„,„^3u,„d = 1-1 ± 0.8 MeV. This offset is consistent with 
previous measurements ||, |^ and we adopt it as a standard energy shift. 

Typical missing mass spectra of the pp — > ppX reaction are shown in 
Fig. 1. That in Fig. la, recorded at an incident energy T=1865 MeV, shows a 
rather uniform multipion production shape, except for the enhancement near 
the kinematic limit. This arises from the combined effects of the increase in 
acceptance and the proton-proton final state interaction (FSI). Particle pro- 
duction in the target windows contributes typically 10% of the spectrum. 
These data have been used to extrapolate the background underneath the uj 
peak to the higher incident energies using the following procedure. Let (3 and 
Pn be cm. velocities at energies T and T„ respectively. The measured mo- 
menta and angles of the protons are first transformed, event-by-event, from 
the laboratory to the cm. system with the velocity —j3 and then transformed 
back to the laboratory with the velocity Data recorded at Tp = 2400 

MeV, just below the threshold for the pp ^ pprj' reaction [H, could be used 
to assess the reliability of the method; the results of this test are shown in 
Fig. lb. The measured and predicted spectra are normalised to the same 
number of incident protons. Since the multipion production cross section 
will have changed somewhat over such a large incident energy difference, the 
agreement in magnitude and especially shape are noteworthy. 

Experimental spectra (points with error bars) obtained at Tp = 1920 
and 1980 MeV are presented in Figs. Ic and Id, together with extrapolated 
background spectra (solid line histograms) and simulated u peaks (smooth 
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curves). To evaluate the number of pp —>■ ppuj events, the extrapolated back- 
ground and uo peak were combined to fit the data in the uj peak region and 
the results represented by the dashed line histogram. It should however be 
noted that, at the higher energies, the background extrapolation method does 
not reproduce completely the observed end-peak. The higher solid line his- 
togram in Fig. Id is obtained by subtracting the simulated uj peak from the 
experimental spectrum. The difference between the two solid line histograms 
thus represents the unexpected enhancement of the background. At this, the 
highest incident energy, the mass of the uj was used as a free parameter to 
generate new background spectra. These were fit by polynomials and an ex- 
ample, of degree 3, is illustrated by the smooth curve in Fig. Id. Such fits lead 
to a mid-target value oi Q = 29.1 ± 1.4 MeV which is fixed by the production 
data themselves. Using this, together with Tp = 1978.9 MeV determined by 
the pion production data, a value = 784.0 ± 1.4 MeV is obtained. Impos- 



ing instead the compilation mass = 781.94 ± 0.14 MeV [jTO[ gives a value 
of the excess energy Q = 31.1 ± 0.4 MeV. This error bar might be under- 
estimated since, due to dynamical effects, the apparent uj mass in hadronic 
production can easily change by some small fraction of the width [^. The 
two Q determinations are broadly consistent and their mean is quoted in 
Table 1 at the highest Tp. Since small changes in Tp could be controlled to 
about 0.1 MeV, the values of Q closer to threshold were determined in terms 
of differences from this highest point. 

Very near threshold, the angular and momentum acceptances of SPESIII 
cover the whole phase space for meson production in a single setting at 
6'iab ~ 0°, but angular cuts become important for Q > 10 MeV. In the 
pp ppuj reaction at Tp = 1980 MeV, for example, only 25% of detected 
events have an uj angle lying within 45° < 9^^ < 135°. At the energies of our 
experiment, the angular variation induced by higher partial waves in the final 
state are expected to be small. Even at Q = 82 MeV the angular distribution 
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of (j) production is fairly flat |Q. The value of the total cross section can 
then be determined provided that the final state interaction between the 
two emerging protons in the ^Sq state is taken carefully into account when 
determining the acceptance H . The dominance of this FSI in the differential 



distributions is seen in rj production at Q = 37 MeV [jT2|. 

Another effect which must be included when estimating the acceptance 
for uj production at low energy is the finite width of the resonance. The 
excess energy Q is defined with respect to the central uj mass value and, at 
the lowest Q, more than 30% of the Breit-Wigner distribution lies below the 
production threshold. On the other hand, even at Q = 0, the lower half of 
the meson can be produced! 

These two effects, the proton-proton FSI and the Breit-Wigner mass dis- 
tribution, were introduced into the SPESIII Monte Carlo simulation used in 
calculating the acceptance. The total cross sections deduced at each mean 
value of Q are shown in Table 1 and Fig. 2. The errors arise mainly from 
uncertainties in the number of events in the uo peak (15-27%), the number of 
incident protons, the target thickness, the detection efficiency and the dead 
time (in total 12.5%), and the acceptance (3.5-7%), which includes that in- 
duced by the error on Q. 

The large momentum transfers required for heavy meson production means 
that the amplitude is primarily sensitive to the short-range behaviour in the 
pp system. In this limit, the energy dependence of the total cross section 
for the production of a stable uo meson is dominated by a three-body phase 
space modified by the pp FSI, and this leads to 

aripp ppuj) = I I (1) 

\l + Jl + Q/e 



where, including Coulomb distortion, e ~ 0.45 MeV |13[. Details of the 
production dynamics are contained in C^, which is expected to be slowly 
varying. 
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Comparing this with our data in Fig. 2, it is seen that the predicted Q de- 
pendence is much too sharp. However, after smearing over an uo Breit-Wigner 
shape, this yields a much smoother energy dependence which reproduces well 
our results with the value of = (37 ± 8) nb. 

Direct comparison with the DISTO production data is complicated 
because this group has not yet deduced absolute cross sections but only a 0/c<j 
production ratio. Normalising to old uj bubble chamber data taken at slightly 



higher energies [0, one finds that axipp — > PP<P) = (0.28 ± 0.14) /ib at 
Q = 82 MeV. Though there are uncertainties in extrapolating Eq. (1) to such 
high Q, the DISTO measurement would correspond to Cfj, = (1.8 ± 0.9) nb. 
Hence 

^^PP = ^ = (4.9±2.6)xlO-^ (2) 

to be compared with the OZI prediction of 4 x 10~^. Most of the error in 
the enhancement factor of 12 ± 7 comes from the uncertainty in the DISTO 
normalisation 0]. 

The ratio of to production has been measured near threshold in iT~p 
collisions and, at the same value of Q gives 

Rn-p = —, — — 4 = (3.7±0.8) X 10-2 . (3) 



An apparent to threshold suppression, which might be kinematic in origin ^5 
has been corrected for. 

A simple one-pion-exchange model describes qualitatively ratios of meson 
production in proton-proton collisions near threshold @, |l^. In this approach 
the (p/uj ratio can be obtained in terms of that measured in TT~p. 



^ _ I (2mp + m^){mp + m^) ^"^^ (^"^ \ R 

^ 0.82 X R^-p = (3.0 ± 0.7) x 10"^ , (4) 
where rrip, and are, respectively, the masses of the proton, uj and (p. 
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The striking agreement between Eqs. (2) and (4) must be considered to 
be rather fortuitous in view of the large experimental and theoretical uncer- 
tainties. Nevertheless, both the n'p and pp experiments do suggest strongly 
that the OZI enhancement is about an order of magnitude, in line with the 
original DISTO analysis at the same beam energy [Q. Further experimental 
work is clearly needed in order to establish good absolute normalisations, 
but it would also help if the u and (p data points were measured closer in 
Q. However, understanding the theoretical significance in the proton-proton 



case requires a more sophisticated model than naive one-pion-exchange 
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Table 1: Total cross sections for the pp ppu! reaction measured near 
threshold. The excess energy Q with respect to the u; central mass value, 
having taken into account average energy losses of the beam in the target, 
has an uncertainty of ±0.9 McV. The quoted cross section errors comprise 
all the statistical and known systematic uncertainties, including that induced 
by the error on Q. 



Q (MeV) 


ctt i/jh) 


3.8 


0.32 ±0.08 


9.1 


0.70 ±0.14 


14.4 


1.07 ±0.25 


19.6 


1.51 ±0.30 


30.1 


1.77 ±0.55 
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Figure 1: Missing mass spectra of the pp ppX reaction at nominal beam 
energies of (a) 1865 MeV, (b) 2400 MeV, (c) 1920 MeV and (d) 1980 MeV. 
The spectrum in (a) has been used to generate the background at the higher 
energies. In (b) the spectrum measured at 2400 MeV is compared to the 
background extrapolated from 1865 MeV and normalised to the integrated 
beam intensity. In (c) and (d) the pp ppX spectra arc shown together with 
simulated uj distributions (smooth curves) and the extrapolated backgrounds 
(solid line histograms) which are combined (dashed line histograms) to fit 
the measured spectra. The higher sohd line histogram in (d) is obtained 
by subtracting the simulated ui peak from the experimental spectrum. The 
smooth curve is a fit of this new background spectrum with a polynomial of 
degree 3. 
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Figure 2: Total cross section for pp — > ppou as a function of the excess energy 
Q with respect to the nominal cu mass. The broken curve is the prediction 
of Eq. (1) for a stable uj with C^^ = 37 nb. The solid curve smears this result 
over a Breit-Wigner distribution with — 8.4 MeV/c^. 
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